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ABSTRA CT

Partial matching is a cotTi~ arison of two or more des~ rii .tions

that identifies their similarities. Determining w h i c h  of several

descriptions is most similar to one description of interest is

called the best match problem. Partial and best matches underlie

several knowledge system functions , including: analogical

reasoning, inductive inference , predicate discovery, patte rn—

directed inference , semantic interpretation , and speech and image

understanding. Because partial matching is both combinatorial

and ill— structured , admissible algorithms are elusive .

Economical solutions require very effective use of constraints

that , apparently, can be provided only by globally organized

knowledge bases. Exam ples of such organizations are provided ,

and promising avenues of research are proposed.
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I N T R ODU CTI ON:  ~1-1AT IS THE P A R T I A L  h AT CHI N G PR OBLE M ?

A partial match is a comparison of two or more descriptions

that identifies their similarities. Because tyi.ical description s

com prise symbolic property—lists or propositional formulae , a

partial match of two description s includes three component s : an

abs t rac t ion , consisting of all properties or propositions co mm on

to both compared descriptions ; and two ~~~~ dual terms ,

representing the properties that are true of only cne or tt.e

other of the descriptions. If the two compared descriptions are

A and B , the partial match of A and B , cenoted PM (A. ,B ) , is (A*B ,

A~ A*B , B_ .A *B) , where  A *B denotes  the abstraction of A and B , anc

A ._ A*B and B_ A*B denote  the pr o p e rt i e s  of A and B , r e s p e c t i v e l y ,

tha t  are not  con ta ined  in A *B .  In o t h e r  p a p e r s , pa r t i a l  .m a t ch in ~

has bee n va r ious ly  r e f e r r e d  to as ~n~~~r f e r ence m~~tc h in~~ .

g~~~e r ali z a ti on  or Corr e sk ond ence  m~j~~irjg [q , 10 , 1~~, 15 , 37, no ] . .

Th e pr e m i s e  of th i s  p ap er is t h a t  t he  p a r t i a l  m a t c h i n g

p r o b l e m  is of f u n d am e n t a l  im p o r t a n c e  for  p a t t e r n— d i r e c t e d

in f e r ence  anc o t h e r  k n o w l e d g e— b a s e d  ac t i v i t i e s .  ~ x i l e  some

w e l l— s t r u c t u r e c  p r o b l e m s  may be so lvab le  by c o n v en t i o n a l

alg o r i t h m i c  r r e t h o d s , it ap p e a r s  tha t  the  r , aj o r i t y  of co~ p l e x

p r o b l e m s  c a n n o t  b e ~o lvec  wi th a smal l  set  of ~r e c e f i n e c

pattern—~i~~tching r u les  t~:at , a re a’~.p l i e c  in an a l l — o r — n o r ’~
f a s h i on , e x a c t l y  as eode’~. Jus t  as laws gu s t  b~ f l e x i t l \

i n t e rp r e t e c  to re~~u la t e  co~r p l e x  social  i n t e r a’t i o n s  in r e a s o n ab l e

way s , so is it t r ue  in s~ sterr~ emp loying l a rge  am o u n t s  of

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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knowledge to complex problems that each element of knowlecge

shoulc i n f l uence  the outcomes of numerous decision s without

dornina . tin any. In such systems , many diverse sources of

influence must be pooled to identify the ~ or ~~st s~~~on~~ jL

incicated course of action at each moment in time . Partial

matching and bes t  m a t c h i n g  are the  m e c h a n i s m s  for  a c c o m p l i s h i n g

th is  control.

In addition to its role in identifying the comm onalitie s anc

differences of comparable situations , partial riatching can be

interpreted in two other ways. The secona role of partial

matching is to ascertain how well an observed event satisfies the

prescribed constraints of an ~~~~ or ~~o Q ~~jic situauional

description . Identifying the best match between the  de sc r ip t i on

of an observed event and alternative prototypes enables t he

cur~’ent situation to be ~~~~~~~~~~ as an instanc~ or special case

of one of the prototypes. Those relationships shared by both

desc r ip t ions  are the con str ~ in ts  of the  p r o t o t y p e  th a t  t h e

observed event satisifies. Any residual properties of the

prototype are unsatisfied constraints. Classifying an event

according to its best match among alternative prototyp es is

tant~ niount to pattern recognition by constraint satisfaction (Cf.

[ 1 ] ) .

The t h i rd  role of p ;art ial  m a t c h i n g  is s imi l a r  to cons t r a in t

sa t i s f ac t ion . In t h i s  case , too , a d e s c r i p t i o n  of data  is

com pared with descriptions called ~~~~~~~~~ ~~se f rames ,
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schemata or frames. These frames are usuall y hierarchically

organize c , empirical or conceptual descriptions of observable

p h e n o m e n a .  In shor t , f r ames  cons t i t u t e  a sys tem ’s k n o w l e d g e  of

i ts  w o r l d .  ~tr en  the best matching frames are ascertained , the

data are inter~ reted by imposing the frame structure upon them .

For example , in a speech understanding task the data m ight

consist of an array of hyp .thesized worcs , and the  templates would

be empirical phrase structures of the language . The best—matched

temp lates determine how the woras should be parsed and

semantically interpreted. As a general rule , it appears that

semantic interpretation is best conceived as the mapping between

current cata and previously inferred schemata. Because the

superficial aspects of most observed situation s differ

substantially from all previously encountered ones , semantic

interpretation is funaamentall~ a problem of partial matching.

In the next section , several application s of partial and

best matches are presented to convey the generality and

aifficulty of the partial matching problem. Subsequentl y, a

criterion for the aarrissib’ility of partial matching algorithms is

disc ussec which , though s im p l e  and reasonable , is d i f f i c u l t  to

r~ ali z e .  In the last  sect ions , the p r i n c i p a l  f e a t u r e s  of t he

partial matching problem are discussed , anc sorr e p r o m i s i n g

approaches towara its solution are proposes .

SOME APPLICATI ONS OF PARTIAL MAT CHIN G 

~., .  
~~-, ~~~~~.. . —

~~~~ . .. LA



In this section , several applications are b r i e f l y  d iscussed

to illustrate t he  g e n e r a l i t y ,  i m p o r t a n c e , and d i f f i c u l t y  of the

partial and best match problem s. The applications considered

include analogical reasoning, semantic interpretation , inductive

inference , predicate a i s c o v e r y , p a t t e r n — d i r e c t e d  i n f e r e n c e , and

speech and irrage understanding. In each case , the central problem

is finding a best match between two data descrip tions or between

a cata description and existing knowlec~ e. This nearly always

entails searches of exponential probler r spaces.

~~~~ ogical 
~~~~~~~~~ Wt~ile  t h is category properly embraces

numerous pro blems of widely var~ in g s p e c i f i c i t y , t he  most  w e l l

s tuc ied  is “A is to B as C is to w h i c h  , Dl , 02 .  . . . , On?” As

seve ral  r e sea rch e r s  have shown [.6. 38] , an effective program. for

solving these problem s is as follows:

~1) Co m p u t e  the partial rratches PM(A , B), P~1 ( C , Dl ), . . .
P M ( C , Dn).

( 2 )  D e t e rm i n e  the  t e s t  tratch between P~1(A , B) an d one of
P~1( C , D l ) ,  . . . , P M ( C , Dn )  . I f  t he  bes t  m a t c h  is
P M ( C , D k )  , Ok is the b e s t  so lu t i on  to th e  p r o b l e m .

Reca l l  th a t  P U ( X , Y)  com pr ises  th ree  t e rm s , the  a b s t r a c t i o n  X*Y

ana the  r e si d u a l s  of X anc Y .  Thus , the  p a r t i a l  r r a t c h  b e t w e e n  A

ana B c e f in e s  a v i e w p o i n t  fo r  i n t e r p r e t i r -i~ w h a t  c h a n g e s  w e r e

necessar~ to t r a n s f o rm  A intc. B; i . e .  , ~J ’~ p a i r  A —B i n cu c e s  •i

— >  E~~] . This tr’ iusforrration is ir~ p u n t  in the

s tr u c t .~re P M ( A , B)  ( A * B , A _ A * B , B _ A * B )  : A *B s p e ci f i es  w h i c h

p r o p e r t i e s  of A w e r c  r e t a in e c  , A — A ~~3 ~~~‘n i f i e ~ whi ch properties

-- --
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of A were deleted , anc B_A*B specifies which properties were

added to A by the transformation cf A into B.

The p a r t i a l  match be tween  P M ( A , B) and P H ( C , D i )  ( for  some

i) can be viewed as a comparison of two ordered lists and is

defined as PM(PM (A , B) , PM (C, Di)) (((A*B)*(C*Di) , (A_A*B)*(C_

C*Di) , (B_A*B)*(Di_C*Di)) , Hi , R 2 )  , where  Ri and R2 are the

appropriate resicual terms. The atstraction of th i s  p a r ti a l

ma tch cons i s t s  of t h r ee  t e r m s :  ( A *B ) *( C * D i )  comp r i ses  al l

properties common to all of the aescriptions , A , B , C , anc Di

(the partial matching operator * is associative); (A_A*B)* (C_

C*Di) con prises all properties removed from . A and C in

t r a n s f o rm in g  then. to B and Di , respectively; and , similarly , (B—

A *B ) *( D i _ C *D i )  com prises all proper t ies  added to A and . C in

transforming t h em  to B and Di , r e s p e c t i v e l y .  Thus , the  o r ig ina l

analogy problem is reducible , through partial matching, to a

question of choosing the one combination of common , deleted , and

added properties that is most persuasive or plausible . Because

any answer to this question must rest on empirical or subjective

criteria , nothing of general validity can be added to this

ana lys is .

A n o t h e r  use of p a r t i a l  m a t c h i n g  for ana logica l  reasoning

occur s in Mer l in  [2 8 ] .  In th i s  sys tem , any  ob jec t  can be

interpreted as a special case of another whenever their

differences do not outweigh their similarities. As an example ,

suppose we wished to play baseball with only a bat and a tennis

• ~~~~~~~~~~~~~~~~~
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ball . In MerlIn ’s framework , the feasibility of playing shoulc

be d i r ec t l y  r e l a t ed  to the  r e a s o n a b i l i t y  of v i e w i n g  a t e n n i s  ba l l

in the  role of a ba seba l l .  Such a v i e w p o i n t  can be ach ievec  by

pa r t i a l— m a t c h i n g  the i r  d e s c r ip t i o n s .  S u p p o s e  t e n n i s  ba l l  were

d e f i n e d  as a “bouncy , hollow , light , f u z z y , fou r — i n c h  s ph er o i c

tha t  is f o r c e f u l l y  h i t  in the  game of t enn is ” and a b a s e b a l l  we re

d e f i n e d  as a “ha rd , solid , l ea the r—covered , m o d e r a t e l y  h e a v y ,

four—inch  spheroid  tha t  is f o r c e f u l l y  h i t  in the  game of

baseba l l . ” In th i s  case , the a b s t r a c t i o n  of the  two d e s c r i p t i o n s

specifies that both objects are four—inch spheroics h i t

forcefully in games. The residuals , however , specify that

whereas the baseball is hard , solid , leather—cov~ red , moderately

heavy and used in the game of baseball , the tennis ball is

bouncy, hollow , light , fuzzy and used in the game of tennis.

To decide if the tennis ball will suffice as a makeshift

baseball , these residuals must be reconciled. One simplifying

approach to reconciliation employs semantic categories. If

correspondences between pairs of’ residual properties can be

established so that each difference is interpretable as a

s p e c i f i c  d imens iona l  var ia t ion , the s i g n i f i c a n c e  of the  overa l l

d i f f e r e n c e  can be decomposed and , thus , eas i ly  a p p r e h e n d e d  and

evaluates. A hierarchical organization of the system ’s knowledge

greatly facilitates such a decomposition . For example , the

cifference hollow—solid can be reconciled by interpreting it as a

variation on the dimension of “structure ” or “co~istruction ty p e. ”

A s a resu l t , a tennis ball can be viewed as a type of tase ’tall
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that is hollow (rather than solid) , light (rather than moderately

heavy )  , fuzzy (rather than leather—covered) , used in the game of

tennis  (rather than baseball) , and bouncy (rather than some

unspecified related property of a baseball). If these

cifferences do not outweigh the similarities of the two , the

tennis  ball wi l l  serve a d m i r a b l y .

Before leaving this example , consider the role of partial

match ing  and res icuals  in e s t a b l i s h i n g  the correspondence between

objects. First , the two objects ’ descriptions were obtained from

a cictionary or semantic network. Second , the properties comm on

to both were abstracted by intersecting their property— lists.

Third , the residuals were forced in t o  p o s s i b l e  c o r r e s p o n d i n g

val ue p a i r s  by  f i n d i n g  d imens ion s that emb r a c e d  b oth  v a l u e s .

Note  t ha t , in gene r al , r e c o n c i l i n g  the  c i f f e r e n c e  b e t w e e n  t w o

a r b i t r a r y  va lues  r e q u i r e s  a r ecursive  a pp l i c a t i o n  of the  p a r t i a l

m a t c h i n g  s c h em e .  F i n a l l y , th e  best  match m a x i m i z e s  t h e

s imi l a r i t i e s  and m i n i m i z e s  t he  c i f f e r e n c e s  ( a c co r d in g  to

exogenous  c r i t e r i a)  be tween  the  compared  d e s c r i p t i o n s .

Oth e r  so r t s  of analo~~ical reasoning  t asks  can be f o r mu l a t e d

e a s i l y .  For exarr p .le: ( 1 )  I f  I know a detailed procedure (orcered

ope r at i o n s  on op e r a n o s )  to a c c o m p l i s h  a s p e ci f i c  f u n c t i o n

(establish particular relations hips on th e  o p e r a n d s )  , how do I

rrocif y the procecure to a c c o m p l i s h  s im i l a r  o b j e c t i v es  on

qualitatively cifferent operands? Answer: t r y  to find related

operations applicable to the new operands that perform similar

J
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f u n c t i o n s .  ( 2 )  If  I w a n t  to p e r s u a d e  someone t h a t  X causes Y b u t

don ’t have s p e c i f i c  e x a m p l e s , wha t can I do? A n s w e r :  f ind  an

example where X ’ ca used Y ’ ann X is to X ’ as Y is to Y ’ . D e s p i t e

the f a c t  t h a t  such a r g u m e n t s  are not  s t r i c t l y  logica l , m a n y

peo p le f i n c  them pe r suas ive  when  the  u n c e r l y in g  ana log ie s  are

p l aus ib le .

~~~~~~~~~ Ister~~~~tation . The assignment of be st—mat ch en

f r a m e s  as t h e  s e m a n t i c  i n t e r p r e t a t i o n  of v e rb a l  m a t e r i a l  was

p r e v i ou s l y  m .en t i o n e c .  There  is a seconc  way is which partial

m .atching supports s e m a n t i c  i n t e rp r e t a t i o n . In  this case , t wo or

mo re c o n c e p t s  s h a r i n g  c e r t a i n  s y n t a c t i c  r e l a t i o n s h i p s  s t i m u l a t e

r e s t r i c t e c  sor t s  of “ sp r e a d i n g  a c t i v a t i o n ’ sea rch es  of a s e m a n t i c

n e t w o r k .  When th e  searches  e m a n a t i n g  from. the  ori ginal  conce p ts

i n t e r s e c t , the  connec t i ng  p a t h  d e f i n e s  t he  sema n t i c

i n t e rp r e t a t i o n  of t he  s y n t a c t i c  s t r u c t u r e  [2 14 , 3 1] .  For exam ple ,

a novel noun—noun phrase encountered in a text , such as ‘lawn

m o w e r  , ‘ can be semantically interpreted by finning the test m atch

among the relationships that radiate from the two concepts ‘lawn ”

a n n  ‘1 m. ower ” in a n e t w o r k  e m b o c y i n g  C i C t ior i ar y  d e f i n i t i o n s .  In

th i s  exam p le , t he  b e s t  such  m a t c h  e n t a i l s  t h e f ol  l ow in g

p a r a p hr~~sec i n t e r p r e t a t i o n : a “ l a w n  m o w e r ” is a m a c h i n e  that cuts

grass or similar plants [214]. Spreading activation , intersection

sea r c h e s  are now w i n d y a p p  l i en  in com p u ter science ann

p s y c h o l o g y . T h e i r  s i m i l a r i t y  to the search tecLni iue~ em

b~~ ~4erlin is app arent. Regarnl ess of t~. e p art icular kno,..len~~e

r e p r e s e n t a t i o n  m o p  t en  , the e.:u~ nt ial  f ! .:nc t  in n  of t h e s e  sy s~ ~‘m s
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is to f i ne  the  bes t  match possible under the constraints irr.posen

by  the  c u r r e n t  k n o w l e d g e .

In c u ct i v e  I n f e r e n c e .  Several  r e s e a r ch e r s  h a v e  s h o wn  t h a t

p a t t e r n s , co n c ep t s , and p roduc t i on  ru les  can be i n f er r e c  t y

p a r t i a l — m a t c h i n g  e x a m p l e s  to d iscover  the  c o n s i s t e n t l y  r e p e a t e d ,

hence p r e s u m a b l y  c r i t e r i a l , p r o p e r t i e s  [ 3 ,  14 , 8 , 9 ,  10 , 114 , 15 ,

18 , 19, 3~~, 37 , 140]. To illustrate , consider the following

e x a m p l e s  of severa l  c lasses:

Example  1: Tom and Jack are b r o t h e r s .  Jack  is the  f a t h e r
of a b oy named Bill who is unde r  10.  Both Tom and Jack
are in their fifties. Jack ’s brother is Bill ’s Uncle
Tom .

Example  2 :  Mary is the  m o t h e r  of tw in  sons , Bi l l  and J im .
M ary is in her f o r t i e s , while the boys are both 114 . ~a ry
has two b r o t h e r s  who are the  boys Uncles  Tom. anc Steve .

E x a m p l e  3 : Sue has no t r o t h e r s  or s i s t e r s .  Her m o t h e r  is
Jane , and Jane has has a brother named Fred. F’rec  is
Sue ’s uncle .

E x a m p l e  14 : Fred was a b r i l l i a n t  Negro  wh o l ived  al l  of
his  l i f e  in a predom inantly white , racist country.
Because  he was powerless and intirricat .ec , ~

‘r en was
hurr . i l i a t i n a l y  s u b s e r v i e n t  to the whites in his com mu n ity.
Fred was an Uncle  Tom .

E x a m p l e  5: Because John , an a g i n g ,  im . p o v e r i s h eu  N e g r o ,
was h u m i l i a t i n g l y  s u b s e r v i e n t  to S o u t her n  w h i t e s  , the
y oung b l acks  in his town cal led him. Unc le  Tom .

These e x a m p l e s  w i l l  s u p p o r t  a n u m b e r  of bo t h cor rec t  an n

incorrect inferences that are equally plausi ble. For example , if

Examples 1 anc 2 are partial—ma tchec , one inference is t h at

p a r e n t s  are at leas t  140 years  ole and c h i l c r e n  are 114 cr y c u n o e r .

However , the t y p e  of i n f e r e n c e  t ha t  1 wan t  to d r a w  a t t e n t i on  to



here has to do with n~ tions of “Uncle .” By partial—matching

Examples 1 and 2, it is reasonable to infer that an uncle of x

is the brother of the parent of x. However , the best partial

match of these two examples would entail the stronger inference

that x ’s Uncle Tori is the brother of x s  parent , who is at least

forty, vhile x is no older than 114 .

A valic inference of the concept of “uncle ” requires

partial—matching all of Exam ples 1 , 2 and 3 , whereas a valid

inference of the concept of “Uncle Tom ” r e q u i r e s  c o m p a r i n g

Examples 14 ann 5. This illustrates one of the perplexing

problem s regarding the role of’ pa r t ia l  match in g in i n d u c t i v e

inference . ~*iile i t  is possible to in fe r  val id ru les  by partial—

matching enough examples to eliminate all irrelevant properties ,

partial matching is also necessary to determine which examples

illustrate the same concept. ~nowing that Examples 14 and 5

should be compared  to i n f er  the  m e a n i n g  of “ Un c l e  Tom ,” rather

than comparing Examples 1 , 2 , 14 , ann 5, requires additional

knowledge .

Suppose a l e a r n i n g  sys tem were asked to dec ide , based o n l y

on i ts k n o w l e d g e  of the  f ive  examples , if a certain 55—year—old

Negro  nam ea Sam could be cons idered  an uncle. To answer , it

woulc  neces sa r i l y  seek s i m i l a r i t i e s  between the properties of Sam

and previous  e x a mp l e s  of ’ unc le s .  I f , in s tead  of a c t u a l l y

retaining all examples , the  sys t em had on ly  s tored  some

“sufficient” set of’ rules induced by partial—matchin g arbitrarily
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selected subsets of examples , its current classification would

have a good chance of being incorrect. Because most systems do ,

in fact , attempt to store only a minimal set of rules that can

‘cover ” the data [25 , 35] , they are prone to errors caused by

decisions , about what combination s of properties are important ,

made before the properties of a test item are known . A system

that stores its examples and postpones inferencirig until the item.

to be classified is fully specified has a significantly reduced

probability of error . In the current example , such a system

would be guaranteed to have sufficient evidence to infer both

that: if Sam is the brother of a parent , he may be labeled an

uncle ; and if he is subservient to whites , he may be an Uncle

Tom .

The important point to observe is that the properties of the

i tem to be c lass i f ied , n~~ the ____  ~~ of the ~~~~ n in g  ~~~~~

determine which inferences should be made . Obviously, then , many

inferences cannot be anticipated or generated until the problem

is fully specified. In short , optimal performance in inductive

inference requires a ‘wait—and— see ” approach . In actual

applications of the  p a r t i a l  m a t c h i n g  mechan i sm to p a t t e r n

classification , the improved performance of wait—and— see

classifiers has repeatedly been observed [5, ii].

The genera l  l e a r n i n g  f r a m e w o r k  t h a t  r evo lves  abou t  p a r t i a l

m a t c h i n g  has b e e n  a p p l i e d  to the  i n d u c t i o n  of severa l  k i n d s  of

k n o w l e d g e  , in c l u d i n g  speech  ann i m a g e  p a t t e r n s  [5 ,  9 ,  11 , 3 5 ] ,

~

. .~~~~~~~_ .
~~~~~~~ 

.— ~~~~~~~
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structnrec or relational concepts [ 3 ,  9 ,  10 , 14 , 15 , 37 , ~3 , 4 0 ] ,

t r a n s f o rm a t i o n a l  g rammar  r u l es  [ 9 ,  10 , 3 8 ] ,  ann  o t t er [rc~~citioc

— > ac t ion ]  p r o c u c t i o n s  [3 8 ] .

Predicate Diseover~~. While  the  t y p e  of i nn u c t i o n  ~i scussec

in th e  p r e v i o u s  sect ion assumes  the  p r io r  d i s c o v e r y  an: e n c o c i n g

of those p r o p e r t i e s  f leeced to e x p r e s s  a r u l e , pa r t i a l  m a t c h i n g

provides a basis for ciscovering new predicates too . ~‘or

example , if a learner were exp .osed to the following sentences , i t

woulc have a good basis for several interesting incuctions :

Example 1 : Because John is so tall , it is cifficul t t o
find clothes that fit him .

Example 2: Because i’lary is so short , it is ham to get
clothes that can fit her .

Example 3: Because Joanne is so fat , it is im possible to
get apparel that is the right size.

Example 14 : Because Tom is so skinny, it is not p ossible
to find clothes that are suitable.

Using only superficial characteristics of the string

representation s of’ these examples , the follow ing common

abstraction woulc te produced ty partial— m atching:

(Because u is so v , it is w to x).

The correspondin g resicual values from the four examples

associatec with each variable u , v , w ann x are as follows:

(John , Mary, Joanne , Tom )

(tall , short , fat , skinny) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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(cifficult , hard , impossible , not possible)

(fine clothes that fit him
ge t c lo thes  that can fit her
ge t a p p a r e l  t h a t  is the  r i g h t  s ize
f i n d  c l o th e s  t h a t  are s u i t a b l e) .

Thus , w i t h  o n l y  four  e x a m p l e s  and v e r y  little knowledge ,

reasonable inferences regarcing four apparent categories of

natural language coula be generated. The four distinct values

associatec with each of the variables are a pp a r e n t l y  subse ts of

the possible domains of associated (unknown) predicates. For

example , John , ~1ary , Joanne an n To m are four of the  possible

values of the attribute “name. ” If t h is attribute han already

been known to the system , partial—matching of t he  e x a m p l e s  w ou l c

have p .reservec  the comm on “name ” attribute , and a slightly more

in f o r m a t i v e  a b s t r a c t i o n  would  have been p r o d u c e d , such as:

(Beca use the  t h in g  n a m e d  u is so ~~~, it is w.. to ~

Thus , u , v , an n w contribute to the ciscovery of the c a t e g o r ies

of n a m e , L Q C ~~ shaLe attributes , ann  e xj r e ss ions  f o r  “ fficult to

L~~ i~~’ . For toe p urposes of machine learni ng, knowlecge of

t oese  i n t e r p r e t a t i o n s  Ler SB is unnecessary. .~ll that ap ~~a r e n t l y

i3 neoessar~ is to i n f e r  t h e  e x i s t e n c e  a nn  c o m p o s i t i o n  of 5:nflt,

c a t e g o r i e s  ( u n a r y  p r e d i c a t e s )  , anc t h i s  m a y  be done  w h e n e v e r

cifferent constants are correspondents in correctly partial —

rratcltec descriptions.

Continuing with the previous exa m ple , it is also interestin g

to compare the residuals associated with variab le x b~ a
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recurs ive  app l i ca t ion  of p a r t i a l  match ing  l ike tha t  err plo~ ec in

Merlin . As a result of recurs ive  p a r t i a l  m a t c h e s  of the four

res idual  ~ s t r i ngs , the fo l lowing  sequence of i n f e r e n c e s  w i l l  be

produced:

(1) Infer the category FIND ( f i n d , ge t } .

( 2 ) I n f e r  the c a t e g o r y  CLOTHES {clothes , appare l} .

( 3 )  I n f e r  the ca tegory  FIT ( f i t  h im , can f i t  her , is
the right size , are suitable).

Then the  a b s t r a c t i o n  of the  res iduals  of x is:

(FIND(a) CLOTUES(b) that FITCc)).

Notice that this abstraction is itself a candidate for a new type

of ternary relation that , by definition , is true of any t r i p l e

(a, b , c) constituted from the categories FIND , CLOTHES , and FIT ,

r e spec t ive ly .  An y such t r ip le  is an ~~~~~~~~~ of t h i s  gene ra l

template and has the obvious interpretation . Such a template is

a p laus ib le  model  of the  n a t u r a l  language exp re s s ion  for  f i n d ing

clothes that . I n an y case , a capac i ty  exis ts  to i d e n t i f y

plausible syntactic categories and semantic templates by

partial—matching even a small number of similar verbal strings.

This approach  to pred ica te  d i scovery  has been s u c c e s s f u l l y

applied to a number of restricted languages [9, 17 , 36].

Pattern—aireeted inf~ej~~nce .  One of the  c o n c e p t s  t ha t  has

c a p t u r e d  the  imag ina t ion  of man y com puter  s c i en t i s t s  and

psycholog i s t s  is tha t  of f r ames , p r o t o t y p e s , t e m p l a t e s , s c r i p ts

_ _ _ _ _ _ _ _  
_ _
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or s c h em a t a  [ 2 , 2 6 ] .  F r a m e s  are s u pp o s e d l y  k n o w l e d g e  u n i t s  t h a n

aelineate the elements of p hysical or conceptual e~ ents anc

e x p r e s s  the  c o n s t r a i n t s  by  which they are relatec. Distinct

f ram es have  been  p r o p o s e d  for every orcin~ ry physical object,

t y p i c a l  c o n f i g u r a t i o n s  of o b j e c t s , anc m o s t  o b s e r v a b l e  p h e n o m e n a

( e . g . ,  c in in g  at  a r e s t a u r a n t  or s h o p p i n g  fo r  f o o d ) .  ~~. ile  t h e r e

is Lnim~ facie evidence supporting the theory that people have

such knowledge , there is litt]e concrete unnerstan:ing of how

r~LIs knowledge can be exp loit ed to sim.p Ti f~ re~~soning processes.

1ILab can be universally ugreec u’. on is trivial: whenever a

situation 15 encounteren where existing knowlenge ~.s i~ p licam le

t h a t  kn o w l e dg e shoul a  r..e upp lie c to con. :-train toe possible

i n t e rp r e t a t io n s  a t tr i t u t ’~u to o b n ” r v e u  ph e : om ~na .

In  t h i s  f r a m e w c r k  , the .:~ y isa ~~~ ho~. relevant k n o w l e  :ge

can be ~unntif~ ec effi ciently an ~~p L k~~ e~~ti’~ el ’~ . ~.as , for

the  m o m e n t , it w ill be ass..nr .~n ~~~ 
.
~~~~ r~~~ exi sta for ~es~ rsbing

every interesting pat ~.ern of r~’l r I e u a ~ i p s . .3up ~ O5’: , f o r

e x a m p l e . that toe ;.mter of fr.sn’~s rele’..ann to IT m ce p ’~ocessing

is about 1C~ ,00C , m d  ~~ ones I or fum iii ir f~ c~ s , b u ~ ln~~ngs

. i u t om ob i L e s  , buses , bociec , trees , ric nn Lm ins , L .r nj t ,u r e  , an:

im plerr ~~nts Sb var~jo us s ~ tc . Jcw , ~~~~ ~~~~~~ That. .:cme cse pr esents

a pncTh .’, r~.~p~. selecte r’~ nnorr l~ f r’s: I g i : : I n e  ann .~aks how

k n o w  ~en ~~e : r ~ou l  b e  err p lo~ ~ n to i~~ai~~t in in terp re ti n g it.

Sirr p l ~ a s se r tin ’ that we st o r i n a p p ly w o , i t e v e r  k n o w l e cg e  i~
n ” e u e c  to r e s o lv ”  t .he a p rLsr’ i u n c e r t a i nt ~ a b o u t  t h e  i d e n t i t y  of

v a r i ou s  o b j e c t s  ~m n c  t h e i r  in t ~’r r e l a t  i o n sh i p s  is n o t  in an s w e r ,

-~~~~~~~~~~~
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fo r th is  ~s p r e s u m e d  by  the  q u e s t i o n . The q u e s t i o n  asks  how the

re levan t  k n o w l e d g e  can be i d e n t i f i ec .  Once a g a in , t he  a n s w e r

a p p e a rs to  be t ha t  t h e  b e s t — m a t c h i n g  f r a m e s  shou ld  be chosen to

i n t e r p r e t  the  d a t a .  le most  cases , eve n t e s t — m a t c h e c  f r a m e s  w i l l

only be partiall y satisfiec , because observed objects are

occluced  or o t h e r w i s e  f a i l  to c o n f o r m  p e r f e c t l y  to to e

p r e c on c e iv e c  f r am e  c on s t r a i n t s .  Once t h e  b e s t — m a t c h e d  f r a m e s

hav e teen identified , their knowledge can be exp loitec t o

hypothesize ann test the apparently missing or erroneous nata

constituents.

Because no f r ame , by  i t s e l f , can be e x p e c t e d  to g ive  a

t h o r o u g h  a c c o u n t  of the  s i g n i f i c a n t  f e a t u r e s  of any  n o r m a l ,

reas onab l y co m p l e x  scene , s a t i s f a c t o r y  i n t e r p r e t a t i o n s  w i l l

no rma l ly  r e q u i r e  the  i n t e g r a t i o n  of severa l  p a r t i a l l y  n a t c h e c

f r a m e s .  Two w a y s  of d e t e r m i n i n g  the  ap p r o p r i a t e  c o m b i n a t i o n  of

frames can be pro~ osed: (1) f r a m e s  should be t r i ed  o n e — a t — a — t i m e ,

and addi t iona l  f rames  s’ho u l c  he in c o r p o r a t e c  as needed  to r e so lve

res icua l  or a n o m a l o u s  p r o p e r t i e s ;  (2 )  some i d e n t i f y i n g

cha r a c t e r i s t i c s  of’ a p p r o p r i a t e  f r a m e s  should  be d i s c e r n e d  t h r o u g h

an a n a l y s i s  of ’ g lobal  p r o p e r t i e s  of the  p r o b l e m , and then  f r a m e s

sa t i s f y i n g  these  d y n a m i c a l l y  d e t e r m i n e c  c r i t e r i a  shou ld  be

invokec .  In t h e  n e x t  s u b s e c t i o n  som e r e c e n t  r e s u lt s  of s p e e c h

inc image uncerstanci ng research are p r e s e n t e c  f ’avc .r ing  t h e

second alternative .

Sp~~ech ~nn Ima le Ur;:er’stancing . ~3p ~~ ’ct .  .nnerst .--.r- , :i:’c~

~ 
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systems face the task of finning the best— fitting ir2t.er~ r~ t .ution

~or a n o i s y ,  p a r a m e t r i c  t i m e  se r ies .  The p a r a m e t e r s  are a rc  ~at i c

m e a s u r e m e n ts anc the  i n t e r p r e t a t i o n  is a h i e r a r c hi c a l  t r ee  wh ose

root is a semant ic template from. the language ann wooce

intermediate l eve l s  r e p r e s e n t  phrases , wo rds , s y l l a b l e s , p h o n e s ,

and ac ous t ic  s e g m en t s  [ 16 , 2 0 ] . An nt e r p r e t a ti o n  is c o n st r u c t ec

by  a p p l y i ng k n o w l e n g e  of p o s s i b l e  m a p p i n g s  b e t w e e n  i n t e r m e c i a t e

levels. In toe Hearsay— Il cystem. in p a r t i c u l a r , the

i n t e r p r e t a t i o n  p r o c e s s  occurs basically in two  p h a s e s .  F i r s t ,

k n o w l e d g e  a b o u t  th e  aco~~s t i c  r e a l i z a t i o n  of w o r c s  is u s e d  to

hy pothesize , bottom—up , p lau sib le worns at various temporal

locations within an utterance. For example , if t h e se n t e n c e

contains  IC words  chosen  f r o m  a 1 0 C C — w o r e  v o c a b u l a r y ,  a b o u t  7 or

8 on the  ave rage  are c o r r e c t l y  h y p o t h e s i z e c .  In a d dit i on ,

ap proximately 200 incorrer ’t worns are hypothe sized , an d a b o u t  140

of these are actually r-tte : hig he r than valid word hypotheses.

In th e  s econ a  p o i se , mi ss in g wor.:s are h~ pothesiz en ann

r a t ec  anc t h e  e n t i r e  seq .. e uc e  of worns i: the sentence is p a r s e d

ann a s s i g n e e  an o v e r a l l  seman tic ir. t erpret it ion . The key proble m

in this phase is to gener~ be urn rate the most pli usitle , missing

woras. Even when the vocab ul.ir~ an: gra:rr ar are highl y

constrainec , t h e  size of the search space for possible

grammatical word sequences 15 ex t r a o r c i n ar i ly  l a rge . In the

H e a r s a y — I l  sy s t e m  se v e r a l  app ro a ch e s to this problem were trie c ,

inn only one app roach apparently cerivec sufficient constr a int ,

b y  a p p l y i n g  e n o u g h  k n o w l e n g e  s i m u l t a n e o u s l y ,  t o  s u c ce e : .  The 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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m e th on  used was to parti al— rr.atcF . the entire collection of

bo t t o m — u p .  word  h y p o t h e s e s  a g a i n s t  all t e m p l a t e s  of t h e  g ra mm ar

~n p a r a l l e l , in t h e  h o p e  of f i n n i n g  one sequence of highly— rat~~c

~crcs that was g r a m m a t i c a l  arc most p rob ably val~ n. If such a

seqinance coulc be icentifien , the system predicted an: rat’~d it s

p lausible worn extensions , iteratively, u n t i l  a com p l et .~

interpretation of the sentence was constructec.

Two knowlecge sources were involveo in cc: p sting toe p a rti a l

match between the matrix of ryp othe si:ec worns ann

gr amm a t ica l  case f r a m e s .  These  were  W OGIl  [ 2 1 ]  , a w o r n  s’~ ~u e n c~

t~ p ot hes izer , ann P P A R S E  [ 12 ] , a partial parser. In o ’erview,

WOSFQ uses  knowlecge about the anj;acency of worcs in the language

to form hypothetical worc sequences by concatenating success 1VC

language—acjacent ann tirr.e—acjace rit worn L~~pott.ese s . Tt p r u n e s

the search space further by terminating the concatenation p roa~~:s

for  any s equence  when the  ex p ecte d b~~re f i t  is Tess t h an t h e  cos t

i.e. , w h e n  t h e  increase in crenibilit y ottainabl~ by

concatenating additional word hypothes~~s is insufficient to

warrant the attencant multi plicative increase in the total n umb er

of word  s equences  g e n e r a t e d .  Each of the most credible word

se quences i c e n t i f i ed t~ WOSEQ is then evaluatec by PP$~RS E to

ce t e r m m n e  w h e t h e r  i t  is a c t u a l l y g r a m m a t i c a l , i . e .  . w h e t t e r  i t  is

a s u b s e q uence  of s o m e  s en t en c e  in the linruage . Each of t h e s e

p a r t i a l  m a t c h i n g  p .roce n ure a  is now exp la~ reo in m o r e  netail.

WOSEQ uses u p r e c o r r p u t e d  b i t  m a t r i x  t O u t  sp ~~c 1 f 1~’s for ear ~

- -

~ 
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p o s s i b l e  w o r d  p a i r  ( u , v )  w h e t h e r  t h e  s e q u en c e  u v car  oc cu r in  a

s e n t e n c e  of the l a n g u a g e . For t h e  1 0 C C — w o r d  v o c a b ul a r~ , this

r e q u i res a p p r o x i m a t e l y  30K 3 6 — b i t  words  of m e m o r y .  Given a

c o l l e ct i o n  of b o t t o m — u p  word hypotheses , WOG E Q se lec t s  a f e w  of

the  m o s t  ore n i b  le ones as r e e n o  for  i t s  s e q u e n c e — g r o w i n g  p r o c e s s .

Each see n ~s a o n e — w o rn  s e q u e n c e , anc t he f o l l o w i n g  p roce d ure  is

ap  p l i e:  r e p e a t e d l y  to a l l  s e q u e n c e s  u n t i l  q u i e s c e n c e  o c cur s :

( 1 )  For each w o r n  s e q u en c e  W , c o n s t r u c t  t h e  sets P ( W) an n
3 ( w )  of  w o r n  h y p o t h e s e s  th a t  can p r e c e c e  and  succeec  W .
P (  W) c o n t a i ns  a l l  h y p o t h e s e s  t h a t  a re  b o th  l a n g u a g e —
a cj ~~c en t  arT : t i r r . e— a cj a c e n t  to t h e  f i r s t  w o r n  in W. ~ t .e
set 3( U) c o n ta i n s  a l l  h y p ot h e s e s  th a t  a re  t i m e  a n c
L ~n g u . . g e — a cj a c e n t  to t o e  l as t  word  of W.

( 2 )  For each w in P(  W) e v a l u a t e  the  c r e d i b i l i t y  of the
a~~’~.;e n c e  ( w ,  W) . This  is an i n c r e a s i n g  f u n c t i o n  c f  t h e
a r e : ib i l i t ~ of w ane W , an i n c r e a s i n g  f u n c t i o n  of t h e
t o t a l  n u m b e r  of sylTa ~~les s p a n n e c  b y  ( w , U~ , an: a

~e c r e a s ir r . g  f u n c t io n  of the  n u m b e r  of w o r d s  in P( W) . I f
the c r e c i b i l i t y  of t h e  sequence  (a , W) is grea ter  than
n t u t  of ~~ , ace (w , W) to the  set of t y p  ethesizec
sequences. For each wore w in 3(W) , s i m i l a r l y  pr ocess
the p o t e n t l a .  s e q u e n c e  ( W , w )

Ihen W)SEQ quiesces , it will have icentif~ ec sequences of

p a i r w i s e — g r u m m a t i c a l  w o r a s  t h a t  a p p e ~~r to be  m o n t  c r ec i b l e  o v e r

the en t i r e  se t  , b oth because  t h e y  i n c o r p o r a t e  at l e a s t  one of the

i n c i v i cu a l ly  m o s t  c re c i b l e  b o t t o m — u p  h y p o t h e s e s  anc b e c a u s e  t h e y

s a t i sf y  a m a x i m u m  n um ber of low p r o b a b i l i t ~ co n s t r a i n t s .

13 u su a l l y  s u c c e s s f u l  at  i t s  task , because  it c o n t i n u a l l y

lacreasen t h e  c r e n i b i l i t y  of t t . e  ot j e c t s  it p r o c e s s e s .  I t  coes

this by acnuc ing c o n t e x t u a l  support in the f o r m  of nume rou s ,

c o n s i s t e n t , unlikel~ observations. The a l g o r i t h m ,  is e f f i c i e n t

b ecause  t h e  t i m ~’ anc l u r l , u t g e — t : j a c e n c y  co n s t r a i n t s  are e a s i ly
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c o m p u t e c .  In a l a t e r  s e c t i o n  of th i s  p a p e r , it is suggestec that

easily computable , global attributes of the pro blem. space may

p rov ine a p r o m i s ing , gene r al ap p roa c t to th e  pa r t i a l  m a t c hi n g

p ro b lem. .

The n e x t  s t e p  in t he  l i n g u i s t i c  p a r t i a l  m a t c h i n g  p r o t l e r r .  is

to t e s t  each w o r n  se que n ce for  gr am: ~t i e a l i t y .  Th i s  r e q u i r e s  a

parser capable of recognining the grammaticali ty of any word

seque nce , even  if it is on ly  a su b se qu ence of t h e s t r i n g

n e r i v a b l e  f r o m  a non term inal. In Hearsay— Il , t h i s  is

accom plished by a program PPARSE. PPARSE is a bottom—up , l e f t —

to— right ~ay— typ e parser w i t h  t he  f o l l o w i n g  m o n i f i c a t i o n s :  A n y

rewr ite rule such as X — > A B can be applied , an d t he  parse no de

X co n s t r u c t e a  , whe never the leftmost derivative of B in the parse

tree is the first word of the sequence being partial—parsed.

Gim il a r ly , any r e w r i t e  l ike Y —> C D can be a pp lie d wheneve r  t h e

rightmost ceri vative of C is the last word of the sequence being ]
p a r t i a l — p a r s e c .  Th ese are t he  on ly  cases in w h i c h  incom p l e t e

tree structures are bu ilt.

WOSEQ and PPARSE succeeded at controlling the combinatorics

of the search problem . , w h i le a n u m b e r  of p r o d uc t ion  s y s t e m s

faile c [16 , 27] , because hypotheses that satisf~ ma n y of WOSE Q ’s

constraints are likely to be valid. Furthermore . t h e t r u l y

e x p e n s i v e  o p e r a t i o n  in th i s  p a r t i a l  m a t c h i n g ,  i n s t a n t i a t i n g  and

h y p o t h e s i z i n g  incom p l e t e  g r a mm a t i ca l  case f r a m e s , occurs  o n l y

whe n an i n c o m p l e t e  r i o n t e r r r i n a l  can appropri ately derive the first 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --— .
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or last word of a sequence selectee by WOSEG . C o m p a r e c  t o  any

sim plistic conception of how a frame system can operate to

hypothesize ann then fill in partially instantiated frames , WO SE Q

and PPARSE constitute a significantly superior solution to the

best matc h problem.

The last exam ple of partial matching to be considere: is the

problem of determ ining stereo cisparity between two images that

are left ann right—eye views of one s c e n e .  To r e s o l v e  the

c i sp a r i t y  b e t w e e n  two  i m a g e s  of t h is sor t , it is ne ces sa ry  to

p a r t i a l — m a t c h  them to i d e n t i f y  the  corres p on d in g (s am e )  o bjec ts

in each image . Once th i s  is done , the lateral cis placement or

c is pa r i t y  b e t w e e n  the  two is a cue for  the  d i s t ance  of t he obj ect

from the viewer. The human visual system . is c a p a b l e  of r e s o l v i n g

such c i s p a r i t y ,  even when there are no distinguis hable o b j e c t s  in

ei the r  v i ew  (as  in r a n d o m — d o t  s t e r e o g r a r r s ) .  R e c e n t l y  t l a r r  and

Poggio [2 2 ]  have  shown how the  neces sa ry  p a r t i a l  m a t c h i n g

c o m p u t a t i ons  can be p e r f o r m e c  local ly  by  s p a t i a l l y  d i s t r i b u t e d ,

cooperative processes. Their a p p r o a c h  r e s t s  on t he o b s e r v a t i o n

tha t , whi le  t h e  cisparity between any two corresponding points is

i n i t i a l l y  u n k n o w n , arT y hypothesis regarcing som e particular

disparity value betwee n two points in the t wo im ages i m p l i e s

ap proximately the same ni sp arit y value between neighboring

points. B~ construct ing a problem representation in which every

possible pair of c c r res pcnci rg points , with di sparit \ n ,

influences the n~~i gt bor ing poi nts with matching properties tow ir:

corresponcenc~~s n~~~r the sin e i s p~~r i t ~ , ~ cift erence e ~uat ion 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~- . .
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is c o n s t r u c t e d  t h a t  can be a p p l i e d  i t e ra t i v e l y  ace  l o c a l l y  ~.o

choose correspondences that maximize constraint n~~t i s f ~~c.tion . ~,

solution in this algorithm . is just a steacy— state reache: by to”

c i f f erence e q u a t i o n .

Th i s  a pp l i c a t i o n  of p a r t i a l  m a t c h i n g  is p arb icu lanl~

i n t e r e s t i n g ,  b e c a u s e  i t shows how global features of the p r c . b l ~~ r

s p ace , such as n isparit y ann spatial position , ca~ co m o ~~rain The

searc h fo r  th e b ’~st  m atc h . T h e  global comm unication of

constr aint is accori plishe: by cirectly connecting re igt. Lcri ng

p oin t s  wh os n  t~ p o th e t i c a l  d i s p a ri t y  v a l u e s  i n f lu e n c e  one a n o t h e r .

To a e ve l o~ a m e c h a n i s m , c a p a b l e  of t L i ~~ so r t  of i r f o r : uO ~~on

s h a r i n g,  a r e p r e s e n t a t i o n  t an  to b e  c i sc o ve r ec  :hut c l a r i f ie

r e l a t i o n so i p  b e t w e e n  g l o b a l  d a ta  a t t r i t  ut .es ( b eat  ion Inn

cisp.arity) and local computation s irvclve: in p ~ntial rra~ ‘Thing

(ceterminin g the grey— scale sim il ~rity of two p o t e n t i a l l y

corres ponding points). The role of this integr .~~~: g l o b a l — l o c a l

p r o b l e m  r e p r e s e n t a t i o n  is c o m p a r a b l e  t 0 t ha t  p i. ay e :  b y  t h e

p r e c o n p. u t e e  l a n g u a g e — a dj a c e n c y  m a t r i x  use..: by ~fl3FQ to

hy p ot hes ize  word  se que nces in ~~arsay—l I . This suggests Sc: C

i n t e r e s t i n g  p r o p e r t i e s  of t h e  p a r t i a l  m a t c h i n g  p r c t . l’~: t h a t  are

pursuen in the subsequent sections.

P R I ~J C 1 P A L  P R O P E R T I E S  O F T H E  P A R T I A L  MA TCHflJG PROBLUM

Fro~r. the precening illustration s , it is p.ossib~~e to identif \

four princ ipal characteristics of the partial matching problem ..
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In t h i s  sect ion , these  are b r i e f l y  d i scussed .

Th~ ~~~~~~~~~~~~ Qf ~~~~~~~~ng ~~~ ~~~~ i~ u1~~ ~~~ Lt.g~ r~~ .ion

c~~ c.n~i ~~~~~. ~~~~~~~~~~~ ~~~~am~~~a1l~~. In the  la rge  class

of p r o b l e m s  where  p a r t i a l  m a t c h i n g  is necessa ry  and

com pu t a t i o n a l l y  e x p e n s i v e , the n u m b e r  of cistioct partial matches

that can arise is virtually limitless. As a result , it is not

possible to predeterm ine all combination s of observable

pro perties that nay , at some t ime , most  w a r r a n t  some r e s p o n s e .  A

fortir’ri , it is not possible to ran k order the potential

situations in terms of’ import or interest value . Rather , t he

choice of which configurations of data deserve further processing

resources  is d e t e r m i n a b l e  only  as a r e su l t  of d y n a m i c  p a r t i a l

matching between the data in hand and the frames or templates

sp e c i f y i n g  known c o n s t r a i n t s .

~ n~~~ gJi~~ag, ~~ ~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

intrao~at~ e. Because partial matching subsumes the graph

monomorphism , the k—clique , and other NP—complete problems , the

amoun t of time apparently needed to solve worst—case problems is

at least exponential in the complexity of the structures being

matched. It follows that if partial—matching is to be applied

successfully, problem complexity must be reduced. The principal

way in w h i c h  such c o mp l e x i t y  r e d u c t i o n  can be accom p l i shed  is b y

choosing rich , high—order predicates as a basis for description .

As the grain of description is reduced towarc uniform , low—level

predicates (e . g. , sini p .le grap hs , retinal arrays of’ on—off

L~
_

— —~~~~~~-—-— -- ~~~~ - . . —. . — -.~~ --—
.— ,— _~rA_,~_ .-——--- —— --- .— — .



ne t e c t o r s  , s e m a n t I c  p r i m I t i v e s )  , the p a rtial m atching problem is

mac e inherently more com p lex ann less feasible.

Part ial natchir ,g ic ~uricam .enta .lly ro ceterm inisti c . Thus

far in this paper the noccetermi.nism of parti al :atcr.icg

;il gorithm s has been neglectec , primarily because one partial

ma tc h so lu t ion is u sual l~ be s t .  Thus , w hile :. In y  p r o g r a m  n e s i g n e c

for  p a r t i a l  m a t c h ing  m u s t  in co r p o rat e log ic to at p er m i ts  it to

pursue multiple solutions simultaneously, e f f e c t i ve :ec h a n i s m. s

wil l  q u i c k l y  p r u n e  poor  a l t e r n a t i v e s  f r o m  c o n s i d e r a t i o n .

Gooc ~~ rt ia 1  r r a b e h e o  t r av e r3 e  a ~r~~oni  t o u n ~~ar ie~ an t

~~~~~~ c.fi ir~ ti~~~~~~i ~~~~~~ k r c w  leq~ 
. .

This  p oin t  is of t he u t most im p or t an ce f o r  u nd e r s t a n d ing  w hy

simple approac hes to pattern— :irectec inference or frame—

theor etic analysis of real cata are likcl~ to fail. Si: ple

approaches will atteri p t to t.ypothesi :e all partia i— .m.atche :

f r a m e s  an :  t h e n  p r e n i c t  anc  v e r i f ~ t h e i r  m

coo~~bThuent s. In any re~ scn ibl ~ complex :omain , the best

n r ;t~~rpr etatio n of Cr . tt .~ will t r a ver s e  a p r i o r i  b o s n : ar i e s  of

several bow—or :er frames ann will cTl~ be app arent when m ultiple

levels  of p a r t i a l — m a t c t ee f r a m e s  a re  in t e g r a te c .  The sim p ie

p roach  e n t a i l s  e x t e n s i v e  u r w u r r a n t e c  s e a r c h i ng  of m a n y  l ev e l s

of f r a m e s , b e c au s e  h u n o r e c s  of f r a m e s  can be consistent

w i th  at l e a s t  s o m e  p r o p e r t i e s  of the obse rve :  e ;it a .  The search

f o r  a b e n t  c ’,’ e ra .l i  i n t e r p r e t a t i o n  can be effective only if

irin y p r o p e r t i e s  of the nut , provi ciri g multiple so :rces of

—~ — .~ 1 — 
~--——~~~~~~~~~~~~~~~~~~~~~ - - -—-— .~~~~~~~~~ ~~~~~~~~~~~——- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-
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c o n s t r a i nt s , are c o m s i : er e n  bin u lt a n eo us l~

T~1E P A R T I A L  1 A T C ~i A~~ 1 T 331 ~I L I T I ’ CR 1 T E R J  DN

Any p r o p o o ’~: . i g c . r i r t . m for pa rt ial—m at ch in g two structures A

ann B ought to s~ tisf~ c~ e ol l o w i n t  criterion :

Toe :or~ si: il A t r  : S ~~ (e\.er~ t h in g e l se  tel:
consThnt ) , tL~ f~ c t e r  t o e  p a r t i a l  rr~~tch shod : be .

Tr is cr~~t”rion ~s r i l l”  . t o e  p~~r t i a l  rr~itcS. aamissiLiii~~

ce~~. r*~g . its r~~~u onlt ~enenn . ~nn n e s i r a b il i t y  are i n t u i t i v e l y

app a rent. Yet , eler . in  t~~” u~~m ple st app licaticns of partial

m atchi ng . it IS 0 ~0el 3 ~nLi evabl.e [ 3 3 ] .  The cause is that

typical. p art la l :atct ir. ; ~l g o r i t r . : n  evaluate properties one— at—

.~— t ~~m e  . For  c x i i  p l~ , ~f w’~ wish to fine a aocurent tF~at has

~ (abt ritut es) g , h • . m o s t  p r o c e n u r e s  accom t l in t  t h is

b~ I nt ~~r ’ sv c t i n g  the inverte : lists, of noc .omentn . associate : wit h

~co of the three ke~ s . T hu s  , i t  takes ion Icr to fin: a

T o C u m e n t  t h a t  m ~ t Ch e s  10 keys than to f In :  oc~ to tt n atchec 3

a n T  no  forth.

~‘:“nues of up p r o i c t  t o w ar :  real in in I ~:: issib le I l g c r i t h m  s

,~~e s u g g e st e :  by consicering ~artiai :.~t chin as i s ~ ~~~~ p o c t  len

whi ch e ~~~ art i il ma t ch c o r r e T p o n : n  ~o .
~~ st a t e .  TTh init ia l

state is r”presen te .n a s a ~ t h r e e~~t u p l e  , ( (  ) , A , F), where A is bh ’~

observec cata repre sentation (or quer ~ 
) ann F is a s~~t of frame s

against which A can t e  con parec . As b e f o r c  . the first cc: p o r ~~n t

r ep  r~~se n t s  t h e  ..tb s tr . .i nt i on  cr partial rr t t cr . r.t . uc far ccr ;s~ o n c t ~~
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the second component represents the resicual of A with respect to

this abstraction , and the third comp onent represents the

residuals of the frames vis—a—vis the current abstraction .

By a p p l y i ng t y p i c a l  a d m i s s i b i li t y  c r i t e r i a  of g e n e r a l

searches [30] , it is ap parent how one should move through this

search space . At each decision point in the algorithm , t he  most

promising partial solution should be extendec. The most

p r o m i s i n g  e x t e n s io n  is the one providin ,g the most com plete

partial m.atch for the  least expense. Here , expense is cefined as

the  to t a l  c o m p u t a t i o n  required to arrive at any given state ,

including both the com putation time spent developing t h e

particular partial m a t c h  as well as the time spent constructing

collateral matches from expanded  pa r t i a l  so lu t i ons  on the  sane

path . Thus , the  best  step at each point is the one which adduces

the most constraint for the least cost. Constraint in t h i s  case

is exactly definable as the reduction in the r e m a i n i n g

u n c e r t a i n t y  r e g a r d i n g  wh ich  f r a m e s  of F are invo lvec  in t h e  b e s t

ma t c h  of A .

From. th i s  v i e w p o i n t , i t ap p e a r s  t ha t  t he re  is only  one

interpretation of constraint. A transformation from one partial

matching state to another is constraining to the extent to w h i c h

i t e l i m i n a t e s  p o s s i b l e  e l e m e n t s  of F f rom f u r t h e r  c o n s i d e r a t i o n .

Two useful concepts in this context are t h e  d. ao s ti c it i  of

a test and its p erfor m ance. D i agn o s t i c i t y  is a measure of the

at i l i t y  of a t e s t  to r u l e  ou t  p o s s i b i l i t i e s .  P e r f o r m a n c e  is a

-~~~~~~~~-
. .-

~~~~~~~~~
- , --

~~~~~~~
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composite measure of the exp .ected utility of a test , combining

its diagnosticity with its expected frequency of satisfiabilit3

[ 8 ].  An optimal algorithm would ap p l y ,  at each decision

point , the most eiagnostic test that is satisfiable.

Expected cost can be minimized by applying the tests with highest

p e r f o r m a n c e  values  at each decis ion p o i n t .  Such an

approximation is important , because we know of’ no reasonable way

to determine cynamically t he  m o s t  n i agn o s t i c  t e s t s .  Som e a v e n u e s

of approach to these problems are suggested in the next section .

IMPLICATIONS FOR THE DESIGN OF KNOWLEDGE SYSTEMS

From this stucy of partial matching, four general

implications for the cesign of knowledge systems are drawn . Each

of these is considered in turn .

~~~~~~~~~ shou~~ ~~ ~~~ ~~~~~~~ This criterion ,

al though  sound ing  s u p e r f i c i a l l y  l ike a sugges t ion  for  a n a l y s i s—

by—synthesis , is cian~etrically opposed to that approach. In

a n a l y s i s — b y — s y n t h e s i s  [ 19 ]  , p a t t e r n s  are i nt e r p r e t e d  b y  t o p —

down nethoos: one most likely , hi ghest—level frame is selec t ee

arbitrarily to apply arid , at each point , unfilled frames are

e xp a n d e d  d o wn w a r a  u n t i l  t h e y  can f i t  ( i n t e rp r e t )  t h e  d a t a .

Because such search strategies are insensitive to properties of

the cata at hand , t h e y  w i l l  pe r f o r m  bacly unless more constraint

is available from the top—cown structure of the frame system

t h a n  from tests basec on diagnostic combinations of data ann

~

—

~

- - .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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frames. To be s~~~~~~~ e means choosing tests to perform which ,

in v iew of the  p r o p e r t i e s  e xh i t i t e c  by  the  ca ta , a p p l y  ma x i m a l

c o n s t r a i n t .  Knowleage systems designed along these lines woula

employ a basic three— step cycle: (1) a small number of h i g h e s t —

perform ance tests are a p pl i e c  to t he  b e s t  p a r t i a l  sol ut ions

( i n i t i a l l y ,  to th e  m o s t  c r e c i b l e  c a t a) ;  ( 2 )  t h e  m o s t  p r o m i s i n g

m a t c h e s  are e x t e nn e c ;  a nn  ( 3 )  t h e  n e w  b e s t  m a t c h e s  are

icentifiec for evaluation by another set of highest—performance

t e s t s .  N o t e  how th i s  p a r a c i g m  e m b r a c e s  t h e  W O S E Q — P P A R S E

rreth c .:olo g~ cescr ibe d e a r l i e r .
a

~~~~~~~~~~~~~ ~~~QL 1~~~ ~~~~ ~~~~ Qb. ~~flQ simLle . To reduce the

con p l e x i t y  of t he  search p roblem , d e s c r i p t i o n s  s h o u l d b e as r i c h

ann  s i m p l e  as possible . This  c r i t e r i o n  i m p l i e s  t h a t  h i g h — l e v e l

n e s c r i p t o r s  are more des i r ab le  than  l o w — l e v e l  ones .  For e x a m p l e ,

langu age prccessing systems representin g knowlenge in terms of

lexerr.es are more efficient than those r~~p resenting such knowle:ge

in t h e  f o r m  of e q u i v a l e n t  g r a p h s  c f  a~~r’ ir.~ ~c ri” it i~. es [7]. I~ne

pa r t i cu l ar l y  i n t e r e s t i n g  as~~~c t  of l e r l i n  is i t s  use  of

hie r a r c h i c a l  e e s c r i p t i or i s p e r m i t t i n g  ~art iil m a tchin g to be

performe c at the hi ghest— level of cescript~~on pos sit le . ~f e r l i n  ‘s

part ial  m a t c h e r  d e s c e n d s  in to  the :epthc of low— order

descriptions only if matches of rich , high— level terms fail.

This  c r i t e r i on  is a c t u a l l y  a h e u r i s t i c  fo r  a c h i e vi n g  m axi ma lly

c o n s t r a i n i n g  t e s t s  for the least cost. I t s  a c t  al  ~ f f e c t i v n ~~ss

depends on the exact performance of tests at high a n :  low l ev e l s :

in reasonab le  p r o b l e m  d o m a i n s , howev er , t h e  h e u r i s t i c  s t o r m  be
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generally valid.

~4~ a& 211 QQ~~~~~ ti~QQ~1 ~~~~~~~~~~

~~ ~ e~~f’or~~ansie. , ~L~ i~g ~
f u n c t i o n  in ~~ r tia 1  m at e h in~ ~~~~ ems. Complex partial m a t c h i n g

s y s t em s  m u s t  i nc lude  m e c h a n i s m s  to insure that the most d e s i r a b l e

actions are executed first. Two properties of scheculers are

proposed. First , desirability should primarily reflect t h e

c i a g n o s t i c i t y  of a p e n d i n g  act ion . Second , s ince sche dul i n g is a

primitive operation , the costs of calculat ing desirabilities ana

s o r t i n g  the  pend ing  ac t ions  shoulc be m i n i m i z e d .  In t h i s

co n t e x t , i t  is i n t e r e s t i n g  to no te  t h a t  p r e v i o u s  s t u cie s  of

knowledge system scheduling [13] and conflict resolution in

production systems [23 , 29] have completely neglected the concep.t

of d i a g rio s t i c i t y .

~~~~~~~ ~~~~~~~a~~~~ 2aa ~j ic~j~iq. ~~~~~~~~~
.th~. ~.aQ~~~Q&Q ~~~~ ~ L~2L&~~ 211 ~~~ 2.~~~ 

t~2

~~~ ~~~~~~~~~~ ~~QI~ G~.Q ~~ ~e~ rch . This criterion su ggests that

one approach to improved performance in partial m at c h i n g

is to nevelop globally organized repre sentatio ns whose

attributes can he exploited to recuce un ce r t a i n t y  c ur in g

partial matching. The work of’ Marr and Poggio [22] on s t e r e o

cisparity is a good example of the use of such a glob a lly

organizec problem space . Each locus of comp utation is

in f l u en c ee b y  all  r e l e v a n t  c o o p e r a t i v e  loci . an : t h e s e  ar e

e f f i c i e n t l y  i d e n t i f i a b l e  becau se the~ are in the
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neighborhood of the problem space . The essence of’ such spatial

organ i za t i ons  is an abi l i ty  to reduce t he  n u m b e r  of’ com p u t a t i o n s

involved in similarity judgments. Similar benefits were provided

to the partial matcher in Merlin as a result of its hierarchical

organization of knowledge .

In the future , representat ion s should be sought wh ich

support the use of proximity measures or d i rec t ional i ty  to

ident i fy  good partial matches .  These could provide cheap and

constraining tests for a variety of tasks. For examp le ,

semantic networks might be superimposec upon the type of

metric semantic spaces which humans apparently possess [32 , 3~~,

39]. The value of such organization s would derive from an

im proved capacity to detect that two objects are likely

correspondents (are highly similar) just because they are close

in the metric representational space . Moreover , such i n t e g r a t e d

spatial and symbolic representat ion s could s i g n i f i c a n t l y  im prove

in tersect ion searches by favoring spread of activation in t he

“area ’ between two concepts of interest. Given the coordinates

of two nodes to be connected b y  a best path , preference should be

given to o u t — g o i n g  l i nks  tha t  are o r i e n t e d  in a p p r o p r i a t e

d i r e c t i o n s .

Other t y p e s  of organizat ion should also be sought that can

facilitate computation of’ approxi m ate similarity. For example ,

in early experiments in rule thauction , Hayes—Roth anc

F M c D e r m o t t  [ 15] showea  how t r a n s f o rm a t i o n a l  g r a m m a r  r u l e s  cou lc

u . . . .- . -.-~~~~~ —~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—- ~~~~~~~~~~~ -- 
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be i n f e r r e a  by p a r t i a l— m a t c h i n g  b e f o r e — a n d — a f t e r  e x a m p l e s .

Their program employed no knowledge about either the s t ructure

of productions or sentences. By incorporating properties of

these structures as attributes of’ the representation s , Vere was

able to reduce the computation time by two orders of m a g n i t u d e

[ 3 8 ] .  The organizing proper t ies  he e x p l o i t e d  ir iclude a a th ree —

part decomposition of each production , corresponding to the

three com ponents of the partial m.atch of the before and after

parts of each example , and a hierarchical representation of

sentences. The additional constraints provided by these global

attributes of problem organization greatl y simplify this

particular partial matching pr oblem .

CONCLUS I ONS

I have tried to show in this paper that partial matching

is central to many interesting functions of’ knowledge systems.

A few years ago , the foremost proble m of knowlege sys tem

design was how knowledge should be re presented.  While know l ecge

represen ta t ions are cont inu all y im prov in g , many  good frameworks

have already been developed. Since pattern—directed function

invocation is obviously desirable for many application s of these

knowledge systems , attention has recently focused upon good

methods to invoke appropriate knowledge units. Within the

framework of all—or—none knowledge applicati on , the major topics

of in te res t  concern ma t t e r s  of e f f i c i e n c y , such as d e v e l o p i n g

n e tho c i s for co mmon subexp re ssion  e l im i n a t i o n , e f f i c i e n t
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techniques for all—or—none pattern matching, ann strategies

for conflict resolution . While these are surely im port ant

considerations in implementing s~ stems for sin p.le or’ well—

s t r u ct u r e d  tasks , the  m o s t  c i f f i c u l t  p r o b l e m  a r i s i n g  in v e r y

large and f l e x i b l e  know lec g e  sys tems  is to de te rmine , as

quickly as possible , t he  ~~~~ ~~~~~~~ kn o w l e c ge fo r t h e  t a s k

at h a n e .  Because many  diverse e l e m e n t s  of k n o w l e d g e  m a y

be t~eakl~ contributory to an overall solution , new ways of

organizing computation must be develop.ec to prevent intractable ,

combinatorial searches. In the future , a major shift in

attention can be anticipated toward the deceptively

easily staten but fundamental question : How shoulc partial an:

best matches be computed? 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — .~~~~~ - -
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